includes the production of home-grown produce. S4ULs indicate a level of minimal or tolerable level of 86 risk, indicating a site is suitable for the land use the S4UL has been derived for (Nathanail et al., 2015) . 87
Concentrations of PTEs above S4ULs may require further assessment of risks to determine if any 88 remedial action is required. 89 90 However, total concentrations do not reflect the amount of a contaminant that is actually bioavailable to 91 humans via the oral, inhalation and dermal pathways (Ruby et al., 1999) . The use of oral 92 bioaccessibility testing provides risk assessors with an estimation of the amount of an element that will 93 become dissolved in the gastro intestinal tract (and is therefore accessible to humans via the oral 94 pathway), allowing assessors to more accurately consider potential risks posed to human health. The 95
Unified BARGE Method (UBM) was developed by the BARGE (Bioaccessibility Research Group of 96 Europe) research group (Wragg et al., 2011) and has been validated against in vivo studies for As, Pb and 97
Cd (Denys et al., 2012) . However , as oral bioaccessibility can be affected by a number of factors 98 including mineralogy, particle size, solid-phase speciation and encapsulation (Cave et Non-specific sequential extractions (CISED), showed that the majority of Cr was present in oxides, with 114 a only a very small component present in clays (Cox et al., 2013) . In contrast Cox et al. (2013) found 115 that bioaccessible Ni (both G and GI) was not strongly correlated with total Ni, most of the major oxides 116 or Soil Organic Carbon (SOC). Indeed, CISED extractions showed that bioaccessible Ni was related to 117 all identified soil components, including calcium carbonate, aluminium oxide, iron oxide and clay-related 118 components, suggesting weathering significantly affects nickel bioaccessibility but has a less significant 119 role in the bioaccessibility of Cr in these soils (Cox et al., 2013) . However, without detailed data 120 relating specifically to soil mineralogy and element distribution within the soils, interpretation of the role 121 of mineralogy on the oral bioaccessibility of Ni and Cr was incomplete. 122
123
The aim of this research is to further investigate the controls on oral bioaccessibility of PTEs in Ni and 124
Cr rich soils overlying the Antrim Basalts in Northern Ireland to provide evidence to support the use of 125 oral bioaccessibility testing both in Northern Ireland and internationally. To meet this aim: 1) the 126 mineralogy of soils overlying the Antrim Basalts is characterised using both quantitative XRD and 127 QEMSCAN ® analyses combined with detailed geochemical data; 2) detailed elemental and mineralogical 128 mapping are compared to determine which minerals host total Ni and Cr; and 3) this information is 129 related to results of previous bioaccessibility testing ( Barsby et al., 2012 ) and non-specific sequential 130 extractions (Cox et al., 2013) to elucidate how the oral bioaccessibility of both Ni and Cr is affected by 131 soil composition. 132
MATERIALS AND METHODS 134

Study area 135
The Antrim Lava Group was formed in two cycles of volcanic activity that occurred about 60 million 136 years ago (Lyle, 1979) . It extends across the north eastern corner of Northern Ireland (Figure 1 (Fig. 2b) , which are generally about 3 to 4 times 162 greater than total Ni concentrations (Cox et al., 2013) . Cr speciation was not determined during the 163
Tellus survey, so both the S4UL for Cr (III) and Cr (VI) have been used for comparison. All samples 164 from the study area (1664 samples; 100%) have total Cr concentrations that exceed the residential S4UL 165
for Cr VI of 6 mg kg Samples were disaggregated using a pestle and mortar and 'micronised' using a McCrone Micronising 208
Mill to obtain a mean particle diameter of between 5 -10 microns. This was mixed with water and the 209 resulting slurry was dried overnight at 80°C, re-crushed and homogenised to a fine powder and 210 back-packed into an aluminium cavity mount, producing a randomly orientated sample for presentation 211
to the x-ray beam. 212 213 Samples were analysed between 2° and 70° 2θ (theta) with a step size of 0.05°/sec using x-ray radiation 214 from a copper anode at 35kV, 30mA . X-Ray Mineral Services "Traces" and "Search-Match" software 215 was used to compare the x-ray diffraction pattern from the unknown sample with the International Centre 216
for Diffraction Data PDF-4 Minerals database to identify unknown minerals. Amorphous content was 217 calculated by spiking with silicon (metal powder) and Siroquant software was used to quantify phases 218 identified in each sample. 219 220
Clay Mineral analysis 221
The <2 micron fraction of a 5 gram split of disaggregated sample, was separated by ultrasound, shaking 222 and centrifugation. The total weight of clay extracted was determined by removing a 20ml aliquot of 223 the final clay suspension and evaporating to dryness at 80°C. Clay XRD mounts were obtained by 224 filtering the clay suspension through a Millipore glass microfiber filter and drying the filtrate on the filter 225 paper. The samples were analysed as an untreated clay, after saturation with ethylene glycol vapour 226 overnight and following heating at 380°C for 2 hours and 550°C for one hour. The initial scan for these 227 four treatments was between 3° and 35° 2θ (theta) at a step size of 0.05°/sec using x-ray radiation from a 228 copper anode at 40kV, 30mA. The untreated sample was also analysed between 24-27° 2θ at a step size 229 of 0.02 °/2 sec to further define kaolinite/chlorite peaks. 230
231
Diffractograms from the four clay treatments were overlain to identify the clay mineral assemblages 232 present. Peak intensities were measured to calculate the relative amounts of clay minerals present, which 233 were subsequently used to quantify the clay minerals with respect to the whole rock by reference to the 234 total amount of <2 micron clay fraction. An indication of the clay minerals crystallinity was given by 235 assessment of the peak width for each component. Backscattered Electron (BSE) image and X-rays which are used to identify the mineralogy. For this 248 investigation, samples were analysed using the Fieldscan mode using iMeasure software, which 249 measured each sample in fields (1.5mm squares) at a 10 μm X-ray pixel spacing, with the resin media 250 ignored due to being below a pre-set BSE threshold. Data processing was undertaken using iDiscover 251 software, which is an involved process that requires checks of the mineral database and refinement of the 252 data specific to the context of the sample type. The resultant fields are then recombined (stitched) to 253
give an overall false colour mineral map with corresponding data tables for mineral abundances and 254 associations. The advantage of Fieldscan mode was that it examined the entire sample area providing 255 excellent spatial modal mineralogy with between 1.3 and 2.4 million analysis points. However, pixel 256 resolution was carefully designed to avoid excessive measurement time, thus minerals or textures less 257 Minerals with similar chemical composition were grouped together and groups were described either by 269 the elemental composition, or in some cases the minerals deemed most likely to be present as shown in 270 The distribution of Mn, Ca, P, Mg, Ti, K, Si, Fe, Na, Al, Cr and Ni was determined using elemental 303 mapping. Mn, Ca, P, Mg, Ti, K, Si and Fe were mapped using EDS, and Na, Al, Cr and Ni were 304 mapped using WDS, with Ni mapped on two spectrometers. For the WDS elements a peak map and an 305 upper background map was collected providing net count maps. The EDS maps are total counts. The 306 maps were then calibrated using a calibration curve determined from a series of quantitative point 307 analyses undertaken within each mapping area. The size of the measured areas for each map are shown in 308 
Geochemical data 314
Major element data (Table 4) shows that between 80 to 85% of the soils comprise Si, Al, Fe and SOC. 315
The contribution these elements make to the soil is similar between all three soils reflecting that they 316 overlie bedrock of similar origin. Ca and Mg are present in all soils at concentrations of approximately 317 2%, as would be expected given the presence of plagioclase feldspars and pyroxene in the underlying 318 bedrock (Lyle, 1979) . Sample 560141 contained more Ca than the other 2 samples, which is consistent 319 with the results of non-specific sequential extractions on these soils by Cox et al. (2013 
Mineralogy 336
Quantitative XRD analysis determined that the amorphous content of the samples was between 65 to 337 80% (Figure 3 ). This very high amorphous content is likely to relate to organic materials (SOC was 338 greater than 15% for these samples) and non-crystalline weathering products such as amorphous iron 339 oxides (perhaps intergrown with clay minerals), and other precursor minerals for clays. The presence of 340 large amounts of amorphous iron oxides would explain why significant amounts of the Fe identified by 341 geochemical analysis was not identified by XRD. In their study of serpentine soils from the Czech 342 Republic, Quantin et al., (2008) also found that sequential extractions revealed significant amounts 343 (nearly 50%) of iron was present in iron (hydr)oxides that were not detected by XRD analysis. 344 Table 1 . 347 348 XRD analyses also showed that smectite, illite and chlorite constitute up to 15% of the samples (Figure  349 3), with the greatest clay content in the sample with the lowest amorphous content (558363), suggesting 350 this soil is more weathered than the other samples. Although the amorphous content of the sample was 351 high and it was suspected that a significant proportion of this was 'clay like' material (including 352 precursor clay minerals and protoclays), the percentage of soils recovered for clay XRD analysis (<2 at trace concentrations (<0.6%). These included titanium oxides, iron oxides, ilmenite, Mn-Fe oxides and 380 Mineral Name chrome spinels. Olivine was identified by QEMSCAN ® to be present at low concentrations (<0.5%) in 381 the soil, reflecting the fact that although it is present in the underlying basalt bedrock in significant 382 concentrations (Lyle, 1979) , it is very easily weathered (Delvigne et al., 1979) . Significantly more 383 apatite (0.29%) and calcite (0.19%) were recorded in sample 560141, than the other two samples (0.01% 384 apatite and <0.07% calcite), which supports the finding by Cox 
Fe oxides were easily identified and therefore could be examined in detail using point analysis. 443
Individual point analysis of 18 points identified as iron oxides in QEMSCAN ® analysis, revealed these 444 minerals were a combination of primary iron oxides and iron oxides intergrown with clays, that are 445 known to be alteration products of both the weathered olivine (Delvigne et al., 1979 ) and pyroxene 446 (Noack et al., 1993 ) that originated in the underlying basalt. Fe oxides intergrown with clays were 447 identified by their textured appearance on BSE images and the presence of Si at concentrations of greater 448 than 1.5%. Primary oxides by comparison had Si concentrations of <1.5% and were smooth. 449
Generally the highest Fe concentrations (>65%) were encountered in the primary oxides, while lesser 450 concentrations (30 to 65%) were present in intergrown oxides and clays. Cr concentrations in these 451 minerals were generally less than 150 mg kg olivine (Deer et al., 1992) . Mg rich olivine is known to host both Ni and Cr, but generally Cr is present 487 as minute plates of chromite (Deer et al., 1992) . Increasing amounts of Mg are often associated with 488 increased Ni (Wedephol, 1978) , and this is observed as 2500 mg kg phosphates (apatite) in Sample 560141 than the other soils ( Fig. 9(b) ). This supports the results of 559 previous CISED extractions (Cox et al., 2013) 2013) reported that the majority of Cr in these soils was not bioaccessible. In this study, total 584 chromium was found to be strongly correlated to the presence of chrome spinel in all samples ( Figure  585 9(a)). Chrome spinels are highly recalcitrant minerals, which is reflected in the low bioaccessibility 586 (approx 2%) for each of these samples (Cox et al., 2013) . Elevated Cr concentrations were also 587 identified in primary metal oxides which are also highly recalcitrant and therefore unlikely to contribute 588 significantly to oral bioaccessibility. Some elevated Cr (approximately 200 to 400 mg kg in some of the amorphous clay-like minerals that are likely to be protoclays or precursor 628 clay minerals. Although it was impossible to visually identify which of these materials contained 629 elevated Ni, elemental mapping revealed that some elevated Ni appeared to be associated directly with 630 alteration products formed due to weathering of olivine (although this was not always the case) and 631 increasing Ni concentration appeared to be weakly correlated with increasing Fe in "clay-like" minerals. 632
The greater amount of Ni than Cr present in secondary oxides and other weathering products is likely to 633 originate from weathered olivine (which contained insignificant amounts of Cr), explaining the higher 634 
